Osmoregulation, the cellular response to environmental changes of osmolarity and ionic strength, is important for the survival of living organisms. We have demonstrated previously that an exposure of mammalian cells to hypo-osmotic stress, either in growth medium (30 % growth medium and 70 % water) or in binary solution containing sorbitol and water, prominently induced the DNA-binding activity of the heat-shock transcription factor (HSF1) [Huang, Caruccio, Liu and Chen (1995) Biochem. J. 307, [347][348][349][350][351][352]. Since hyperosmotic and hypo-osmotic stress usually elicit opposite biological responses, we wondered what would be the effect of hyperosmotic stress on HSF activation. In this study we have examined the HSF DNA-binding activity in HeLa cells maintained in the sorbitol\water binary solution over a wide concentration range (0.1-0.9 M) and in Dulbecco's medium supplemented with sorbitol or NaCl. We found that HSF-binding activity could be induced prominently under both
INTRODUCTION
The heat-shock response, first discovered in Drosophila [1] , can be elicited by a wide range of noxious stimuli and appears to be ubiquitous in all living organisms studied [2] . The induction of heat-shock genes in response to heat shock and other stresses, including heavy transition metals, amino acid analogues and oxidants, is mediated by the binding of a heat-shock transcriptional activator (HSF) to a short and highly conserved upstream-response element, heat-shock cis-element (HSE). HSEs are contiguous arrays of variable numbers of 5 bp sequence nGAAn (n stands for less conserved nucleotides) arranged in an alternating orientation [3] . A high-affinity binding of HSF requires at least two nGAAn units, arranged either head-to-head or tail-to-tail, in the HSE oligonucleotide [4] . The eukaryotic HSFs are multi-leucine-zipper proteins [5] . Under normal conditions, HSF is present in monomeric form without DNAbinding activity. In response to heat or other stresses, the monomeric HSF is converted into a trimer and transported into the nucleus. The trimer exhibits high-affinity binding to HSE and thus, generally, is transcriptionally competent [5] [6] [7] . The signaltransduction pathways that eventually lead to the activation of HSF through trimerization remain to be elucidated.
Osmoregulatory processes are crucial to all living organisms since the maintenance of intracellular osmotic pressure (or chemical potentials of metabolites) is of fundamental importance for cell survival [8] . Osmoregulation also plays an important role in enhancing solute transport in cells during growth stimulation [9] . Osmolarity (OsM) changes, similar to temperature changes, are representative of a major physical stress that all living cells Abbreviations used : BGT1, betaine transporter ; CTF, CCAAT-binding element ; HSF, heat-shock transcription factor ; HSE, heat-shock cis-element ; DTT, dithiothreitol ; EGS, ethylene glycol bis-(sulphosuccinimidyl succinate) ; HSPs, heat-shock proteins ; OsM, osmolarity.
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hypo-osmotic (0.1-0.25 M) and hyperosmotic conditions (0.50-0.90 M). In both cases, HSF activation was observed within 5 min after changing the osmotic pressure. The activation was accompanied by both HSF trimerization and nuclear translocation, and appeared to be independent of protein synthesis. The effects of hypo-or hyper-osmotic stress on HSF activation could be reversed once the cells were returned to iso-osmotic conditions (0.30 M) with a half-life (t " # ) of 25 min or less. This rapid turnover of the osmotic-stress-induced HSF-binding activity was inhibited by cycloheximide, a potent inhibitor of protein synthesis. Unlike heat shock, activation of HSF by either hypo-or hyper-osmotic stress did not lead to an accumulation of heat-shock protein 70 (HSP70) mRNA in HeLa cells. We propose that HSF activation during osmotic stress may serve physiological functions independent of the synthesis of heat-shock proteins.
may experience during their life. Thus cells would have to mount an effective defence strategy to cope with osmotic stress. In prokaryotes, it has been shown that fluctuation of medium OsM specifically affects expression of certain genes, including OmpF and OmpC [10, 11] . In eukaryotic cells, it has been reported that hypo-osmotic shock induces ornithine decarboxylase in mammalian cells [12] and polyphosphate hydrolysis in Neurospora crassa [13] . An osmosensing signal-transduction pathway in yeast has been characterized [14, 15] . Effects of osmotic stress on the expression of many other genes in mammalian cells have recently been reviewed [16] . In view of the almost universal response of HSF activation to various stresses, we wondered whether osmotic stress may also lead to HSF activation. Indeed, we found that hypo-osmotic stress can induce HSF-binding activity in HeLa cells within 5 min after hypo-osmotic shock [11] . Since hypo-and hyper-osmotic stress generally elicit different biological effects [16] , we wondered what would be the effect of hyperosmotic stress on HSF activation. In the present study, we show that hyperosmotic stress can also elicit HSF activation with a magnitude similar to that induced by hypo-osmotic stress. Thus, our study demonstrates, for the first time, that two opposing physical forces (positive and negative Gibbs free energy) produce the same biological response in a living cell. It is likely that the same signal-transduction pathway which leads to HSF activation is shared by both hypo-and hyper-osmotic stress.
MATERIALS AND METHODS

Cell culture and treatment
Tissue-culture supplies were purchased from Life Technologies Inc. (Gibco-BRL, Gaithersburg, MD, U.S.A.). The human HeLa (A. T. C. C. CCL2) cells were maintained in Dulbecco's modified Eagle's medium supplemented with 6 % fetal bovine serum in the presence of 50 units\ml penicillin and 50 µg\ml streptomycin at 37 mC. HeLa cells grown to about 90 % confluence were used for all osmotic-stress experiments. Cultures were rinsed with prewarmed isotonic sorbitol solution (0.32 M) and then incubated in solutions containing different concentrations of sorbitol (0.1-0.9 M). Alternatively, cells were subjected to hyperosmotic stress by adjusting the Dulbecco's medium with sorbitol or NaCl. For heat shock, cells were incubated in isotonic sorbitol solution at 42 mC for the duration indicated. In experiments designed to assess the dependence of HSF on new protein synthesis, parallel cultures were treated with cycloheximide (60 µg\ml) for 20 min before osmotic stress was initiated.
HSE-binding and electrophoretic mobility-shift assay
Cytosolic, nuclear and whole-cell extracts were prepared as described previously [17] . Briefly, cells were harvested and rapidly frozen at k70 mC. The frozen pellets were suspended in a buffer containing 20 mM Hepes, pH 7.9, 25 % (v\v) glycerol, 0.42 M NaCl, 1.5 mM MgCl # , 0.2 mM EDTA, 0.5 mM PMSF and 0.5 mM dithiothreitol (DTT), passed through 26-gauge needle 20 times, and centrifuged at 100 000 g for 5 min. The supernatants were stored at k70 mC. The protein concentration was determined with bicinchoninic acid (BCA) protein assay reagent (Pierce, Rockford, IL). For the binding reaction, 20 µg of wholecell extracts was mixed in a final volume of 20 µl with a binding buffer containing 10 mM Tris (pH 7.5), 50 mM NaCl, 1 mM EDTA, 5 % glycerol and 1 mM DTT in the presence of 0.5 µg of poly(dI-dC) and approx. 250 pg of $#P-labelled oligonucleotides. After 25 min incubation at room temperature, the resulting complexes were analysed by gel-mobility-shift assay in a lowionic-strength 4 % non-denaturing polyacrylamide gel as previously described [18] . The double-stranded synthetic consensus HSE, 5h-GCCTCGAATGTTCGCGAAGTTTCG-3h [19] , was synthesized in our laboratory by using a Gene Assembler Plus DNA synthesizer (Pharmacia, Piscataway, NJ, U.S.A.) and purified from low-melting agarose gels. The oligonucleotide containing the CCAAT-binding element (CTF)-binding site was purchased from Promega, Madison, WI, U.S.A. Both probes were 5h-end-labelled with [γ-$#P]ATP (ICN, Costa Mesa, CA, U.S.A.) using T4 polynucleotide kinase (Promega).
Western-blot analysis
Whole-cell extracts (20 µg) were incubated for 20 min at room temperature in the presence of 0.1 vol. of DMSO or ethylene glycol bis-(sulphosuccinimidyl succinate) (EGS, a homo-bifunctional NHS-ester cross-linker ; Pierce, Rockford, IL) dissolved in DMSO in a final concentration of 0.6 mM. The reaction was quenched by an addition of glycine to 75 mM. The resultant cell extracts were resolved in 4-10 % gradient SDS\PAGE and transferred on to a piece of Immobilon-P transfer membrane (Millipore, Bedford, MA, U.S.A.) using a Mini Trans-Blot Electrophoresis Transfer Cell (Bio-Rad, Hercules, CA). The membrane was probed with a 1 : 5000 dilution of polyclonal anti-HSF1 antibody, followed by incubation with anti-rabbit IgG conjugated with horseradish peroxidase. The antigen-antibody complex was detected by enhanced chemiluminescence (ECL ; Amersham, Arlington Heights, IL, U.S.A.).
RNase-protection assay
The riboprobe template pRCAT was constructed and transcribed as previously described [20] . The control riboprobe, pT7RNA18S (Ambion, Austin, TX, U.S.A.), was also transcribed in itro to yield a 109-nt transcript. Hybridization of human ribosomal RNA gave an 80-nt RNase-resistant fragment. RNase protection assays were performed essentially as described previously [20] . Briefly, 4 µg of total RNA was hybridized with the two riboprobes simultaneously at 50 mC overnight. The mixture was digested with RNase T1 and RNase U2 and treated with proteinase K.
[$#P]RNA-RNA hybrids were precipitated and resolved on 4 % PAGE\8 M urea gels. Gels were fixed in l0 % acetic acid, vacuum-dried and autoradiographed at k70 mC. Figure 1 (lower panel) emphasizes the biphasic nature of the effect of osmotic stress on HSF activation. Thus HSF activation was prominently induced in cells when the medium OsM deviated from the iso-OsM in either direction. To ensure that our observation was not an artifact owing to the choice of sorbitol\ water system, we also examined the effects of hyper-OsM on HSF activation in cells incubated in the growth medium supplemented with additional sorbitol. The results shown in Figure 2 indicate that the hyperosmotic stress generated in Dulbecco's medium also produced prominent HSF activation similar to that of cells maintained in the binary sorbitol solution (lanes 6-8 versus lane 5). Hyperosmotic stress generated by adding NaCl ( 0.1 M) to Dulbecco's medium also produced similar HSF activation (results not shown). Figure 2 also indicates that the level of hyperosmotic-stress-induced HSF-binding activity was comparable with that induced by heat shock (lanes 5-8 versus lanes 3 and 4). Figure 3 (left panel) shows the time course of the induction of HSF-binding activity in response to hyperosmotic stress. We found that HSF-binding activity was rapidly induced within 5 min after hyperosmotic stress. The rapid kinetics of HSF activation by hyperosmotic stress is similar to that induced by either hypo-osmotic stress [20] or heat shock [21] , suggesting a similar, if not identical, mechanism for the HSF activation under these different conditions. In addition, similar to heat shock and hypo-osmotic stress, the HSF-binding activity, induced by hyperosmotic stress, was detected exclusively in the nuclear fraction ( Figure 3, right panel) , suggesting that a rapid nuclear translocation of HSF also occurred during hyperosmotic stress. [20] or heatshock response [22] . To demonstrate the specificity of HSF binding, we compared the effect of both heat shock and hyperosmotic stress on DNA-binding activity using HSE and CTF as the probe. CTF was chosen because it is one of the trans-acting factors which bind to specific cis-acting elements on the heatshock promoter [23] . Both heat shock and hyperosmotic stress induced HSF binding, but had no effect on CTF binding, indicating that the effect of hyperosmotic stress on HSF DNA binding is specific (Figure 4 , right panel). However, we cannot rule out the possibility that hyperosmotic stress may also specifically regulate the activity of other trans-acting factors not included in our studies.
RESULTS
Effect of medium OsM on the induction of HSF binding
Time course of the induction of HSF binding by hyperosmotic stress
Specificity of the effect of hyperosmotic stress on HSF binding
Figure 4 (left panel) shows that pretreatment of cells with cycloheximide did not inhibit HSF-binding activity induced by hyperosmotic stress, suggesting that new protein synthesis is not required either for transmitting the stress signal or for HSF activation. It has been shown previously that new protein synthesis is not a prerequisite for the induction of HSF-binding activity in cells during either hypo-osmotic stress
Mechanism of the induction of HSF binding
Two members of the heat-shock transcription-factor family, HSF1 and HSF2, are known to function as transcriptional activators of heat-shock genes [24, 25] . Previous studies have identified HSF1 as the mediator of heat-shock gene transcription in response to stress conditions, whereas HSF2-DNA-binding activity is induced in erythroleukaemia differentiation [26] . It has also been shown that upon heat shock, HSF1 trimerizes, acquiring DNA-binding activity, and translocates to the nucleus [27, 28] . To examine whether trimerization is involved in HSF binding induced by hyperosmotic stress, we carried out Westernblot analysis. The protein cross-linking reagent EGS was used to evaluate the stoichiometry of HSF (monomer, dimer and trimer) before and after hyperosmotic stress. Figure 5 shows that without EGS, the mobility of HSF1 in cells treated by hyperosmotic stress was at the monomeric position, similar to that of the control. However, it is noteworthy that the mobility of monomeric HSF1 in both heat-shocked cells and hyperosmotically stressed cells was slightly higher than that in the control cells, suggesting that HSF1 in heat-treated or in hyperosmotic-stresstreated cells may have been modified post-translationally, possibly via phosphorylation. In the presence of EGS, the HSF1 in the control sample remained at the monomeric position, whereas the HSF1 in cells treated with hyperosmotic stress moved to dimeric and multimeric positions in a similar fashion to that in heat-treated cells. These results support the notion that trimerization is also the mechanism for HSF activation upon hyperosmotic stress of HeLa cells. Figure 6 shows that the removal of the hyperosmotic stress by
Turnover of hyperosmotic-stress-induced HSF-DNA-binding activity
Figure 3 Induction of HSF-DNA-binding activity by hyperosmotic stress
Left panel : time course of the induction of the HSF-DNA-binding activity by hyperosmotic stress. HeLa cells at late logarithmic phase were incubated in 0.6 OsM sorbitol solution and incubated for various times at 37 mC as indicated. At the end of each incubation, cells were harvested for preparation of cell extracts. HSF binding and gel-mobility-shift assays were carried out using 32 Plabelled HSE as the probe. The HSF-HSE complex was excised from the gel and then counted for radioactivity using a LS700 liquid-scintillation counter. The radioactivity associated with the complex was used as a quantitative measure of HSF-binding activity. The data shown are meanspS.E.M., n l 3. Right panel : nuclear localization. Cells were subjected to hyperosmotic stress in sorbitol solution (0.65 M) for 20 min. The cytosolic and nuclear fractions were prepared for gel-mobility-shift assay as described in the Materials and methods section. 
Figure 4 Effects of cycloheximide treatment of HSF binding and specificity of hyperosmotic stress on the induction of HSF-binding activity
Left panel : effect of cycloheximide (CHX) treatment on HSF binding. Cells were incubated in either the absence (lane 3) or presence (lane 4) of cycloheximide (60 µg/ml) for 20 min before being subjected to hyperosmotic stress at 0.65 OsM for another 20 min. Whole-cell extracts were then prepared for binding and gel-mobility-shift assay using 32 P-labelled HSE as the probe. CTR, control cells at 0.3 OsM. Right panel : Specificity of hyperosmotic stress on the induction of HSF-binding activity. Cells were incubated in isotonic or hypertonic sorbitol solution. Whole-cell extracts prepared from control (CTR), heat-shocked (HS) and hyperosmotically stressed cells (OS) were subjected to gel-mobility-shift assay using 32 P-labelled HSE or 32 P-labelled CTF as the probe. Complexes of HSE-HSF (HSF), CCAAT-CTF (CTF) and excess free probes (Free) are indicated.
returning the incubation medium to normal OsM (0.3 M sorbitol) resulted in a rapid loss of HSF-DNA-binding activity ; the t "/# of this decay was estimated to be about 25 min. Surprisingly, we found that cycloheximide completely blocked the turnover of HSF-binding activity after the removal of hyperosmotic stress. The precise mechanism of HSF turnover is not clear. Nevertheless, our result suggested that the deactivation of HSFbinding activity may involve new protein synthesis. Additional experiments are needed to evaluate this possibility.
Effect of hyperosmotic stress on the accumulation of HSP70 mRNA
Finally, we examined whether the activation of HSF in hyper-
Figure 5 Western-blot analysis of the HSF in HeLa cells during hyperosmotic stress
HeLa cells were incubated in sorbitol solution under control (CTR, 0.3 OsM), heat shocked (HS ; 42 mC for 20 min, 0.3 OsM) or hyperosmotically stressed (OS, 0.6 OsM) conditions at 37 mC for either 30 or 60 min. Whole-cell extracts were prepared from these cells as described in Materials and methods. The cell extracts were then incubated in the absence (kEGS) or in the presence (jEGS) of cross-linker EGS for 20 min at 25 mC. The reaction mixture was subjected to SDS/PAGE and Western-blot analyses using polyclonal anti-human HSF1 antibody. Single, double and triple arrowheads indicate, respectively, the position of mono-, di-or tri-meric forms of HSF1 on SDS/PAGE. The bands above the trimer position are probably due to further cross-linking of multimers in vitro.
osmotically stressed cells could lead to an accumulation of heat-shock protein (HSP) 70 mRNA. Figure 7 shows that there was no appreciable increase in HSP70 mRNA during hyperosmotic stress when cells were incubated either in binary sorbitol solution (lane 3) or in growth medium supplemented with 0.2 M NaCl (lane 4) or 0.4 M sorbitol (lane 5). In contrast, heat shock at 42 mC caused HSP70 mRNA accumulation (lane 2). Such decoupling of HSF-DNA-binding and HSP gene expression is not unusual, as has been demonstrated in cells subjected to hypoosmotic stress [20] , oxidative injury and salicylate treatment [29] [30] [31] [32] . The decoupling could not be due to impairment of cellular transcriptional machinery because it is well known that hyperosmotic stress could induce genes such as the betaine transporter (BGT1) gene [33] . It has been reported that hypertonic shock (growth medium plus 100 mM NaCl) could result in a small degree of HSP70 mRNA accumulation [34, 35] . However, the degree and kinetics of accumulation appear to vary, depending on the cell types involved [35] . In these studies, the relatively high level of HSP70 mRNA in the control samples and the apparent long t "/# of HSP70 mRNA [34] suggest that posttranscriptional stabilization could contribute to the reported mRNA accumulation without evoking HSF activation. Hyperosmotic stress has been shown to stimulate the transcription of both the BGT1 gene and the myo-inositol transporter gene in kidney cells [33] . It is certainly of interest to examine whether HSF activation is related to the expression of these genes. In the case of BGT1 gene, whose 5h-flanking region has been determined, we could not identify any sequence resembling the HSE motif in the promoter region (results not shown). Thus it seems unlikely that this osmoregulatory gene is controlled by HSF activation.
DISCUSSION
Although many stress conditions and agents are known to induce heat-shock response in living organisms [36, 37] , the finding that hypo-osmotic stress can elicit heat-shock factor activation has only been reported recently [20] . Our present study showed that osmotic stress, caused by either hypo-or hyper-osmolarity, activates HSF-DNA-binding activity via trimerization and nuclear translocation oFigures 1, 3 (right panel) and 5 ; also see [20] q. The hyperosmolarity-induced HSF activation shares a number of similarities with that induced by hypo-osmotic stress, including the following : (i) both exhibit rapid induction kinetics ( Figure 3, left panel) ; (ii) both are independent of protein synthesis (Figure 4, left panel) ; and (iii) both activate HSF through a mechanism which involves the formation of trimers ( Figure 5 ). In both cases, the induced HSF-DNA-binding activity is comparable with that induced by heat shock (Figure 2) . However, it remains to be seen whether hypo-osmotic stress, hyperosmotic stress and heat shock are mediated by identical or similar signal-transduction pathways. One significant difference between the heat shock and osmotic stress response is that, unlike heat shock, both hypo-and hyperosmotic stress did not lead to an accumulation of HSP70 mRNA (Figure 7) . The lack of HSP70 mRNA accumulation in hypo-or hyper-osmotically stressed cells could not be due to a total shut down of mRNA synthesis, since both conditions have been reported to cause accumulation of other mRNAs [10] [11] [12] [31] [32] [33] [34] [35] 38] . The cause and physiological significance of the apparent decoupling of HSFbinding activity and transcriptional activation of heat-shock genes during hypo-and hyper-osmotic stress need to be further investigated. It is possible that rapid HSF activation in osmotically stressed cells may serve physiological functions other than promoting HSP gene expression.
All living cells are embedded in aqueous environments and thus are sensitive to changes in the medium osmolarity. Both eukaryotic and prokaryotic cells respond to hyperosmotic stress by accumulating high intracellular concentrations of compatible solutes (e.g. betaine) to balance external molarity and restore turgor [11] . Hypo-osmotic stress has been reported to induce expressions of OmpF and proU in bacteria [10, 11, 38, 39] , c-jun mRNA [40] in rat hepatoma cells, and ornithine decarboxylase in mouse leukaemia cells [12] . Recently, Haussinger and co-workers reported a rapid activation of extracellular-signal-regulated protein kinases Erk-1 and Erk-2 [41] , which may account for the induction of c-jun. In contrast, hyperosmotic stress has been reported to induce tissue-plasminogen-activator expression in endothelial and HeLa cells [42] , tyrosine aminotransferase and phosphoenolpyruvate carboxykinase in liver cells [43, 44] and OmpC in Escherichia coli [10, 11] . It is likely that some of these responses are designed to counter osmotic stress and thus may be essential for cell survival under stressed conditions. The rapid induction of HSF activation following osmotic stress (Figure 3 , left panel) raises the possibility that HSF activation may be involved in the expression of some, if not all, of the aforementioned genes. However, since hypo-and hyper-osmotic stress appear to induce different sets of genes [16] , it is difficult to envisage that HSF activation alone can be directly responsible for the expression of different osmotic stress-induced genes.
Hypo-osmotic and hyper-osmotic stress represent two opposing physical forces applied to a living organism, hence they are expected to elicit different physiological responses. For example, a two-component system that regulates an osmosensing MAP kinase cascade in yeast has been shown to respond to hypo-and hyper-osmotic stress differently ; hypo-osmotic stress activates the Sln histidine kinase, whereas hyperosmotic stress causes an inactivation of this kinase [14, 15] . A protein kinase, Jnk, which is a distant relative of the mitogen-activated protein kinase group, may represent the mammalian counterpart for Sln [45, 46] . Thus, to our knowledge, HSF activation is the only biological response that has been shown to be elicited by both hypo-and hyper-osmolarity.
One of the major challenges in studying the regulation of heatshock response is the identification of the common intracellular signals that lead to the activation of HSF. It is well documented that both heat and hyper-osmolarity lead to immediate suppression of protein translation [47] , but whether inhibition of protein translation may have anything to do with HSF activation remains to be investigated. Nevertheless, it should be noted that cycloheximide does not inhibit HSF activation in cells under either heat-shock or osmotic-stress conditions. Intriguingly, cycloheximide inhibits the deactivation of HSF-binding activity when cells were shifted from hypo-or hyper-osmolar solution to isotonic solution ( Figure 6 ). Previous studies have shown that the activation of HSF1 by heat or other forms of stress is mediated by trimer formation [5, 7] . If a common signal exists for HSF activation and is directly responsible for HSF trimerization, it must be sensitive not only to enthalpy change, but also to changes in osmotic pressure. The rapid induction of HSFbinding activity in osmotically stressed cells offers a well-defined window of opportunity for searching such a signal. In addition to be a useful model for studying the mechanism of HSF activation, our findings also raise the possibility that HSF activation may have a role in the physiology of osmoregulation. For example, HSF activation and subsequent DNA binding may prevent nucleases from attacking chromosomal DNA at specific sites.
